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Low-energy excitations and optical absorption spectrum of Cgo are computed by using time-
dependent (TD) Hartree-Fock (HF), TD-density functional theory (TD-DFT), TD DFT-based
tight-binding (TD-DFT-TB) and a semiempirical ZINDO method. A detailed comparison of ex-
periment and theory for the excitation energies, optical gap and absorption spectrum of Cgo is
presented. It is found that electron correlations and collective effects of exciton pairs play im-
portant roles in assigning accurately the spectral features of Cgp and the TD-DFT method with
non-hybrid functionals or a local spin density approximation leads to more accurate excitation
energies than with hybrid functionals. The level of agreement between theory and experiment for
Ceo justifies similar calculations of the excitations and optical absorption spectrum of a monomeric
azafullerene cation CsoN™T, to serve as a reference for the characterization of carborane anion salts.
Although it is an isoelectronic analogue to Cgo, CsoNT exhibits distinguishing spectral features dif-
ferent from Cgo: (1) the first singlet is dipole-allowed and the optical gap is redshifted by 1.44 eV;
(2) several weaker absorption maxima occur in the visible region; (3) the transient triplet-triplet
absorption at 1.60 eV (775 nm) is much broader and the decay of the triplet state is much faster.
The calculated spectra of Cs9NT characterize and explain well our measured ultraviolet-visible
(UV-vis) and transient absorption spectra of the carborane anion salt [C59N][Ag(CB11HgClg)2]
[K.C. Kim, F. Hauke, A. Hirsch, P.D.W. Boyd, E. Carter, R.S. Armstrong, P.A. Lay, and C.A.
Reed, J. Am. Chem. Soc. 125, 4024 (2003)]. For the most stable isomer of C4sN12, we predict
that the first singlet is dipole-allowed, the optical gap is redshifted by 1.22 eV relative to that
of Cgo, and optical absorption maxima occur at 585, 528, 443, 363, 340, 314 and 303 nm . We
point out that the characterization of the UV-vis and transient absorption spectra of C4sNis
isomers is helpful in distinguishing the isomer structures required for applications in molecular
electronics. For CsoNT and CasNi2 as well as Cgo, the TD-DFT-TB yields reasonable agreement
with TD-DFT calculations at a highly reduced cost. Our study suggests that Cso, CsoN' and
C48N12, which differ in their optical gaps, may have potential applications in polymer science,
biology and medicine as single-molecule fluorescent probes.

PACS (numbers): 32.30. Jc, 33.20.-t, 36.20.Kd, 71.15.Mb

I. INTRODUCTION ing [2], exhibit large third-order optical nonlineari-
ties [3], and be ideal candidates as photonic devices

Since the discovery of Cgo [1], doped fullerenes have  [4] such as all-optical switching, data processing, and

been of great interest due to their remarkable struc- ~ optical limiting (eye and sensor protections). _There
tural, electronic, optical and magnetic properties [2-5]. ~ are three doping methods of permanently altering the
For example, doped fullerenes can be superconduct-  charge distribution and electronic structures of the par-



ent fullerenes: the introduction of dopant species sur-
rounding the fullerene, the inclusion of atoms or ions
inside the fullerene cage, and the substitution of one or
more of the carbon atoms with dopants. In this work,
we focus on heterofullerenes [2] formed by the substitu-
tional doping method.

The substitutional doping of a nitrogen atom into
the fullerene strongly influences the structural, elec-
tronic and physical properties of the parent fullerene
[6]. Hummelen et al. [7] synthesized CsoNt (an
isoelectronic analogue to Cgg) efficiently in the gas
phase. Reed and coworkers [8] have recently re-
ported that the monomeric CsoNT cation can be iso-
lated as a carborane anion salt. The simplest aza-
fullerene, Cs9N (a resulting azafullerene radical, and
a highly reactive species), has been synthesized in
macroscopic quantity [9,10]. Meanwhile, the bulk
preparation of hydroazafullerene Cs9HN, the simplest
closed-shell azafullerene, was reported [11]. This aza-
fullerene is of special interest because the spectro-
scopic properties of Cs9HN can be useful as a refer-
ence for the characterization of more complex deriva-
tives, for example, the dimer (C59N)3 [7], Csg (CHPh2)N
[12], Cs9(CeH4CH3)N [13], Cs9(CeH4OCH;3)N [13],
Cs59(C1oHgCI)N [13], and C59HNO [14]. In addition,
Cs9HN can be used as a precursor to prepare other aza-
fullerene derivatives such as the metal-doped MCs9N
(isoelectronic with Mo Cgg solids) and MyCsgN (isoelec-
tronic with M3Cgo superconductors, M = KT, Nat,
RbT, etc.) [6,11]. As well as the single N-substitutional
doping, Cgo_ Ny, azafullerenes with 1 < m < 4 have
been synthesized [15,16]. Very recently, the existence
of a stable C4gN12 aza-fullerene has been suggested in
both experiment [17] and theory [18-25]. Compared to
Ceo [3,4], C4sN12 shows an enhancement of its second
hyperpolarizability by about 55 % [21], making C4gNy2
a good candidate for optical limiting applications. It
was also shown that C43N15 can be used to build dia-
magnetic materials because of the enhanced diamag-
netic shielding factor in the carbon atom [19]. Since
Cy4sNy2 is a good electron donor, it was found that
putting C4gNy2 into a semiconducting single-walled car-
bon nanotube (SWNT) would form a n-type SWNT-
based transistor [25], and a molecular rectifier formed
by an acceptor C48B12 and donor C4gNio pair exhibits
rectification behavior [25]. The fcc solid of CygNio
was shown to be a semiconducting material [21]. All
these studies suggest potential applications of CygNya
as semiconductor components, nonlinear optical mate-
rials, and possible building blocks for photonic devices
and molecular electronics. Since C4gN15 has many iso-
mers, one of our purposes in this paper is to identify
physical properties to distinguish the isomer structures
of C4gN12 which are required for building molecular
electronic devices.

A quantitative understanding of optical excitations
and absorption of molecules, clusters, and nanocrys-
tals is important in many aspects, for example, spec-
troscopy, photochemistry, and the design of optical ma-
terials [26-45]. The measurement, the prediction, and
interpretation of the discrete excitonic spectra of these
systems is a demanding and timely task. Since the
first preparation of fullerenes in macroscopic amounts
[46], extensive research into the electronic absorption
spectra of fullerenes and doped fullerenes has been con-
ducted [2]. Over these years, a large number of opti-
cal measurements for fullerenes in solutions, gas phase
or solid state have been reported in the UV-vis re-
gion [3,7,8,11,14,47-55]. In the meantime, theoretical
calculations of the electronic structure and absorption
spectra of fullerenes have been performed to identify
the observed absorption spectra (see detailed review
in section I of Ref. [54]). To the best of our knowl-
edge, the experimental UV-vis spectra of CsoNT [§],
CsoHN [11] and its derivatives including C59HNO [14],
(Cs59N)2 [7], Cs9(CHPh2)N [12], C59(CeH4CH3)N [13]
and Cs9(CgH4OCH;3)N [13] have not been assigned by
ab initio calculations (there is one theoretical paper
discussing the UV-vis spectrum of C59HN by using a
semiempirical method [56], but the spectral assignment
of experiment is not satisfactory [57]). Therefore, the
second purpose for this and our following work [57] is
to calculate the low-energy excitation and absorption
spectra of C59NT, C4sN12, and CsoHN and its deriva-
tives [57]. Our results for Cs9N*t obtained by using
TD-DFT successfully characterize our measured UV-
vis and transient absorption spectra of the carborane
anion salt [C59N][Ag(CB11HGCIG)2] [8] For C48N12, it
is a prediction calculation. However, once the materi-
als of C4gN15 have been prepared in sufficient quantity
and purity, the measurement of its UV-vis and transient
absorption spectra is straightforward. Our theoretical
prediction will be helpful in assigning the absorption
spectra of C43N12 measured in the future.

Absorption spectra calculations of large molecules
[68] are more demanding of computer resources and
computational techniques than geometry optimizations.
A common computational approach uses semi-empirical
quantum chemical procedures including ZINDO (Zerner
Intermediate Neglect of Diatomic Differential Overlap)
to predict or explain excited states of large molecules,
for example, fullerenes at the level of singles configura-
tion interaction [59]. This approach may lead to abso-
lute errors of > 0.5 eV on peak positions [54,60]. Un-
fortunately, the accuracy of this approach is not good
enough to allow unequivocal differentiation of molecu-
lar isomers [54,60,61]. Currently, advanced calculations
of the absorption spectra of large molecules and clus-
ters have been possible by using ab initio methods, for
example, TD-DFT [54,58,62-65]. Since the discovery



of Cgo [1], detailed experimental data of Cgo absorp-
tion spectra has been reported [47-54]. This provides
a good test to optimize and challenge theoretical meth-
ods for calculating dipole-allowed electronic transitions
in large molecules and clusters, and to examine their
accuracy. Therefore, our third purpose of this paper is
to demonstrate the utilities of ZINDO, TD-HF and TD-
DFT in calculating and correctly assigning the UV-vis
[47,48,50-54] and transient [66] absorption spectra of
Ceo, and report the spectral features of CsoNT, C50HN
and its derivatives [57], and the most stable isomer of
C48Ni2. To support our assignment of the dominant
spectral features of those azafullerenes, we present a
comparison of experiment and theory for Cgg, discuss
the TD-DFT method by using different exchange, cor-
relational and hybrid functionals, and demonstrate the
importance of electron correlation effects in assigning
the absorption spectra of Cgp. Such a detailed TD-DFT
study and a systematic comparison between ZINDO,
TD-HF and TD-DFT results have not been reported
for Cgp. We shall see that TD-DFT with non-hybrid
functionals or a LSDA is good enough to predict the
low-energy optical absorption spectra of azafullerenes
as well as Cgg. It should be mentioned that Bauern-
schmitt et al. [54] were the first to employ TD-DFT
to calculate UV-vis allowed transitions of Cgg, using
an exchange functional of Becke [68] plus a correlation
functional of Perdew [69], i.e., BP86.

Simulations of nanosystems such as InP, InAs, CdS,
CdSe and Si nanocrystals [30,38,42-45] with hundreds
of atoms would be out of reach by using the TD-DFT.
For such systems, semi-empirical tight-binding metods
have been shown to describe them well [29,32,38,41,42].
Because of the strong electron-hole interaction, a single-
particle approximation cannot in general be used in con-
fined systems for the calculation of the excitation ener-
gies [33-35]. Thus, several methods and approxima-
tions [26,27,31,38,41,42] have been developed to treat
the strong electron-hole interaction of these systems. In
these approaches, the calculated results depend on the
quality of the used parameters and the choice of the
dielectric constant model [28,29,37,38,41,42]. Recently,
Frauenheim and collaborators [70] have proposed a TD
DFT-based tight-binding (TD-DFT-TB) method, i.e.,
the extension of their self-consistent charge-density-
functional tight-binding (SCC-DFTB) method [71,72]
to study the optical properties of finite system within
TD-DFT. This method works without any empirical pa-
rameter and can be used to study very large systems
such as nanocrystals and macromolecules with hundreds
of atoms and even without any symmetry. Our last
purpose of this paper is to further test the performance
of the TD-DFT-TB method by applying it to hetero-
fullerenes. We find that the TD-DFT-TB method yields
reasonable agreement for optical spectra with experi-

ments and TD-DFT calculations at a highly reduced
cost.

This paper is organized as follows. Section II presents
our computational methods and experimental details.
Section IIT covers a detailed study of the UV-vis and
transient absorption spectra of Cgy including a com-
parison of experiment (spectra in gas phase and solu-
tion) and theory (gas phase). Section IV reports our
calculated low-energy excitations and optical absorp-
tion spectrum of Cs9N*t and our measured UV-vis and
transient absorption spectra of the carborane anion salt
[C5oN][Ag(CB11HgClg)2]. Section V predicts the low-
energy excitation and optical absorption spectra of of
the most stable isomer of C4sN1o and discusses the iso-
mer effect. Finally, section VI concludes this paper.

II. DETAILS OF THEORY AND EXPERIMENT
A. Computational methods

In this paper, our interest focuses on ZINDO, TD-
HF and TD-DFT, which have been implemented in the
Gaussian 98 program [73], and TD-DFT-TB, which has
been implemented in the computing code by Frauen-
heim and collaborators [70]. In the following, we briefly
review the those methods.

Traditional DFT [74] is a popular and efficient
method for the calculation of ground-state proper-
ties of interacting many electron systems. Currently,
there is a great deal of interest in extending DFT
to study excited-state properties of molecules, clus-
ters and nanocrystals [58,63-65]. There exist several
extensions of the basic formalism. One such exten-
sion uses the time-dependent formalism which pro-
vides a promising way to calculate the frequency-
dependent response functions, for example, polariz-
ability. The excitation energies are characterized as
the poles of the frequency-dependent response func-
tions. Many applications of TD-DFT have been re-
ported (see Ref. [54,58,60-65,75-78] and several reviews
[79-84]). In TD-DFT, the time-dependent analogue of
the exchange-correlation functional, F,., is a functional
of the time-dependent electron density p(r,t) ( Ej. in
DFT depends only on the stationary p(r)), and a reli-
able adiabatic local-density approximation is used (see
Ref. [78] for an approximate solution to the TD-DFT
response equations for finite systems). In this paper,
we use the formalism [64,65] implemented in the Gaus-
sian 98 program [73] and consider the following func-
tionals: (i) the exchange functionals of Becke (B) [68],
Perdew-Wang (PW91) [85,86] and Gill (G96) [87] as
well as the modified PW91 (MPW) [88]; (ii) the cor-
relation functionals of Lee, Yang and Parr (LYP: in-
cluding both local and non-local terms) [89], Perdew



(PL: local, non-gradient correction) [90], Perdew (P86:
the gradient corrections plus local correlation) [69], and
Perdew and Wang (PW91: gradient-corrected correla-
tion) [85,86]; and (iii) several hybrid functionals includ-
ing Becke’s three parameter hybrid functional with LYP
(B3LYP) [91], P86 (B3P86), and PW91 (B3PW91),
Becke’s one parameter hybrid functional with LYP
(BILYP), Adamo and Barone’s Becke-style one param-
eter functional using MPW exchange and PW91 corre-
lation (MPW1PW091) [88]. The LSDA, which uses the
Slater exchange [92] and the correlation functional of
Vosko, Wilk and Nusair (VWN) [93], will also be dis-
cussed.

Before TD-DFT was developed, a common method
that most people used was the TD-HF method [94,95],
which is also known as the random phase approxima-
tion. This method leads to an approximate treatment
of electronic excitation energies with no electron cor-
relation effects. As shown before [79-84,96] and in
this work, electron correlation must be included in any
predictive theory for an accurate treatment of excited
states of molecules, clusters and nanocrystals.

Another common approach is the ZINDO method
[59], a semiempirical computational procedure to pre-
dict excited states of large molecules at the level of sin-
gles configuration interaction. This approach is based
on an INDO Hamiltonian, and has been successfully ap-
plied to the calculation of excited state properties of a
wide variety of organic and organometallic compounds
[59]. For this method, we shall see that the choice of
configuration numbers plays an important role in get-
ting the excitonic energies converged in the low-energy
region. As mentioned before and shown later, the accu-
racy of ZINDO is not good enough to assign correctly
the observed UV-vis spectra of Cgg and CsoNT (and
C59HN and its derivatives [57]).

The TD-DFT-TB developed by Frauenheim and col-
laborators [70] follows the TD-DFT route of Casida
[79,80] and uses a y-approximation. In this approxi-
mation, the coupling matrix used in TD-DF'T is treated
by decomposing the transition density between different
orbitals into atom-centered contributions. Because no
integral evaluations are needed to be done, this scheme
is numerically as efficient as the semiemprical tight-
binding methods. Since a minimal basis set is used in
the TD-DFT-TB, the optical properties for large sys-
tems, such as nanosystems, biological systems and poly-
mers with hundreds of atoms, can be easily investigated.
Especially, for the calculations of the lowest excited en-
ergies such as the optical gaps, we can obtain the results
at a highly reduced cost since the size of the coupling
matrix is drastically reduced [70].

B. Structures, basis sets and notes

For azafullerenes and Cg, all ground-state structures
studied for calculating excitation energies were opti-
mized using the DFT method with the hybrid B3LYP
functional and a basis set 6-31G(d) with SVP (split va-
lence plus polarisation) on carbon and nitrogen atoms.
For the ground-state structure of Cgg, this treatment
results in excellent agreement between theory and ex-
periment for ground-state physical quantities (for ex-
ample, the bond lengths, angles and diameter of Cgo,
see details in Ref. [21]).

For ab initio methods, we use Pople-style basis sets.
To examine the difference between results predicted by
TD-DFT with various functionals, we use a minimum
basis set STO-3G, which is qualitatively enough to show
physical insights into our theoretical calculations. For
accurate results, we use 3-21G to report our results for
Cé0, CsoNT and CygNys.

In this paper, we use the symbols, (VE; and ® E;, to
denote the energies of the ith singlet and triplet excited
states, respectively. We compute the exciton partici-
pation contribution (EPC), P? (i.e., probability P, in
percentage), of an exciton pair (n,v) to a specified ex-
cited sate, where n and v represent the (HOMO-n)th
occupied and (LUMO+w)th unoccupied single-electron
states of a molecule. For example, (1,3) is an exciton
pair made from HOMO-1 and LUMO+3 single-electron
states. In addition, the optical excitonic gap Eg”t is de-
fined as the lowest energy of the dipole-allowed excitonic
states in molecules, clusters and nanocrystals [38,41,58].

In addition, it should be noted that experiment
probes the optical response of fullerenes subject to dif-
fering degrees of solvent perturbation in ground and ex-
cited states. For example, in the case of Cgg, systematic
studies [97] have indicated that at room temperature,
solvent interactions generally cause red shifts of transi-
tions relative to gas phase. Our calculations here refer
to isolated (“gas phase”) species with zero vibrational
excitation.

C. Experimental details

The carborane anion salt, [Cs9N][Ag(CB11HgClg)2],
was provided by the Reed group. Details about the
synthesis of this material are given in their paper [8].

UV-vis-NIR absorption spectrum of the C5oN* salt
reported in this paper was measured with a JASCO
V-570DS spectrometer at room temperature. Transient
triplet-triplet absorption spectra for Cgg and the C5oN™*
salt were measured by using the third-harmonic gen-
eration (THG, 355 nm) of a Nd:YAG laser (Spectra-
Physics, Quanta-Ray GCR-130, 6 ns fwhm) as an ex-



citation source. Details about the experimental proce-
dures can be found in our recent work [55,66].

III. LOW-ENERGY EXCITATIONS AND
ABSORPTION SPECTRUM OF Cso

A. Excitations and absorption spectra

Many experimental studies on the optical absorption
of Cgp have been performed. Here we focus on the low-
energy excitations below 4.5 eV in the gas phase or so-
lution [47-54]. Table I lists the experimental results of
Cgo in gas phase or solution [47-54]. Below 4.5 eV, there
are only two dipole-allowed transitions (DATS) around
3.1 and 3.8 €V, both in the violet and UV regions. Both
DAT peaks are slightly blueshifted in comparison with
those of the condensed forms [98,99]. This shift is a
result of a stronger intermolecular interaction [100] in
the condensed state than in the gas phase. The mea-
sured energy (WE; of the first singlet for Cgo in ben-
zene (toluene) was 1.78 eV [66] (1.70 eV [67]). The first
triplet energy (3 E; of Cgo was reported to be 1.65 eV
[66], 1.56 eV [67], 1.63 eV [101] and 1.57 eV [102].

In Table I, we report the energies VE; and ®)E; as
well as the energies €; and oscillator strength f,sc ; of the
ith DATs of Cgg calculated by using ZINDO, TD-HF,
TD-DFT-TB and TD-DFT methods. With a minimum
basis set STO-3G, we find that the TD-DFT method
with a LSDA and all kinds of non-hybrid functionals
leads to similar results. The calculated @ E;, WE; | ¢
and €2 are only about 0.2 eV higher than the experi-
mental values [47-54,66,101,102]. Moreover, the U Ey,
€1 and ey predicted by the TD-DFT method with all
kinds of hybrid functionals are about 1.0 eV higher than
the experimental values [47-54], and it costs about 40-
90 % (150%) more CPU than TD-DFT with non-hybrid
functionals (LSDA).

The TD-DFT method can lead to more accurate ex-
citation energies by using a larger double zeta valence-
split basis set. For example, as shown in Fig.1(d)(e) and
listed in Table I, the DAT energies €; and ey predicted
by TD-LSDA/3-21G and TD-BP86/3-21G are only 0.1
eV lower than the experimental values [47-54], and the
results obtained by TD-B3LYP/3-21G (see Fig.1(c) and
Table I) are improved by about 50%.

With the ground-state structure of Cgo optimized
by SCC-DF-TB method, Frauenheim and collabora-
tors [70] have shown that the single-particle approxi-
mation fails to reproduce the experimental spectrum.
The reason is that the single-particle approximation
cannot be used when the coupling between different
electronic transition becomes important giving rise to
collect effects of exciton pairs (as shown in following
sections). However, these effects are correctly described

within TD-DFT and within the y-approximation used
in TD-DFT-TB. As shown in Fig.1(b) and listed in Ta-
ble I, the TD-DFT-TB predicts the spectral features
correctly, whereas the two DAT energies are 0.4 (0.3)
eV lower than experimental values (the TD-BP86/3-
21G results).
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FIG. 1.: Low-energy optical absorption spectra of
Ceo calculated by using (a) ZINDO, (b) TD-DFT-TB
(adapted from Ref. [70]), (¢) TD-B3LYP/3-21G, (d)
TD-LSDA/3-21G and (e) TD-BP86/3-21G. The ver-
tical lines are the calculated oscillator strengths (bot-
tom), triplet (middle) and singlet (top) energy spec-
tra. The dot-dashed line is the experimental spectrum
adapted from Ref. [50]. (f) Transient triplet-triplet ab-
sorption spectra of Cgg in toluene observed with 355 nm
laser irradiation, where filled (open) circles are spectra
5 (50) ps after a ns-laser pulse.



Table I shows that the two DATs predicted by TD-
HF/3-21G occur in the UV region and the correspond-
ing energies are blueshifted by about 2.5 eV relative
to the experimental values [47-54]. Comparison with
TD-DFT, TD-DFT-TB and TD-HF results reflects the
importance of electron correlation effects in accurately
predicting the dominant spectral features of Cgg.

For a structureless spectral band, the oscillator
strength, f,sc, can be obtained approximately by [50]

fose =9.197 x 10 % €maz Avy o (1)

where Avy y is the frequency half-width of an assumed
Gaussian-shaped band and €,,,, the extinction coeffi-
cient of the absorption peak. The f,sc of Cgp in gas
phase can be estimated from the refractive index of n-
hexane to be about 20 % smaller than that in the solu-
tion [50]. In light of this point, the oscillator strength
calculated by TD-DFT and TD-DFT-TB is in good
agreement with experiment, but that calculated by TD-
HF is not.

It should be mentioned that the two DAT ener-
gies calculated by Bauernschmitt et al. [54] with TD-
BP86/6-31G+s, as listed in Table I, are about 0.1 eV
lower than ours calculated by TD-BP86/3-21G, and
their calculated oscillator strengths f,s. are slightly
larger than ours. In addition, our calculated DAT en-
ergies and oscillator strengths with TD-HF/3-21G are
consistent with those calculated by Weiss, Ahlrichs and
Héser [95] with TD-HF /6-31G+s (see Table I).

Using ZINDO, we find that the excitation energies
below 4.5 €V, as reported in Table I, are converged
within 0.003 to 0.03 eV as the configuration number
increases from 1600 (HOMO-n, LUMO+n, n=0,1,...39)
to 2500 (HOMO-n, LUMO+n, n=0,1,...49). The first
two DAT energies €; and ez predicted by ZINDO are
similar to those predicted by TD-DFT/STO-3G with
a LSDA or non-hybrid functionals. In Fig.1(a), we re-
port the absorption spectra of Cgg calculated with 2500
configuration. In comparison with TD-DFT and TD-
DFT-TB, ZINDO yields significantly different relative
intensities of the oscillator strengths, and predicts two
new DATSs at 4.01 and 4.33 eV, which are absent in the
experimental spectrum. Moreover, as shown in Table
I, ZINDO with 2500 configuration predicts better spec-
tral features than CINDO/s with 900 configurations by
Braga et al. [103]. Thus, the calculation methods and
the size of the configuration sets affect both the exci-
tation energies and oscillator strengths of the DATs as
evidenced before [50,103] and this work. It should be
mentioned that the first DAT (e;) depends strongly on
the carbon-carbon bond lengths and on whether equal
or alternating bond lengths are used [50]. As a result,
the oscillator strength f,s. calculated by different the-
oretical groups varies from 0.07 to 0.27 [50].

In Table I, we listed the calculated energies ) E; of

the first triplet of Cgg. Comparison with the calcu-
lated and measured (3)E1 shows that TD-DFT and TD-
DFT-TB leads to more accurate results than ZINDO. It
should be noted that the ) E; predicted by TD-HF is
negative, i.e., this theory predicts a triplet ground state
(Stratmann et al. [65] found similar TD-HF results for
Cro).

The technique of measuring the transient absorption
spectrum of a molecule can be used to study and charac-
terize the triplet-triplet absorption bands. In Fig.1(f),
we report the transient triplet-triplet absorption spec-
trum of Cgg in toluene observed with 355 nm laser irra-
diation. This is in agreement with the laser flash pho-
tolysis experiment of Cgp in bezene reported by Dimitri-
jevi¢ and Kamat [104]. From Fig.1(f), we find absorp-
tion maxima at 1.65, 2.43, 3.10, 3.44 and 3.98 eV and
a bleaching maximum at 3.76 eV. The bleaching maxi-
mum coincides well with the UV maximum absorption
at 3.73 eV. The isosbestic points, which confirm the
conversion of Cgo into its triplet excited state, are ob-
served at 3.65 eV (340 nm) and 3.87 eV (320 nm), which
are in excellent agreement with those (343 nm and 325
nm) observed by Dimitrijevi¢ and Kamat [104].

In Fig.1(a-e), we present the triplet energy spectrum
calculated with TD-DFT, TD-DFT-TB and ZINDO
methods. It is seen that TD-LSDA, TD-BP86 and TD-
DFT-TB lead to similar triplet spectra, and the pre-
dicted triplet-triplet energy bands around 1.6 eV and
3.0 eV characterize well the transient absorption exper-
iment. However, the triplet spectra predicted by TD-
B3LYP and ZINDO are not in good agreement with our
experiment.

B. Exciton pair contribution

To understand the absorption spectra predicted by
TD-DFT, we have analysed the single-electron energy
levels and orbital symmetries of Cgg in its ground state.
The electronic structures of Cgo predicted by using
LSDA, non-hybrid and hybrid functionals show a com-
mon feature: the HOMO and LUMO have h, and tq,
symmetry, respectively.

As shown in Fig. 2, the level ordering and symme-
tries obtained with LSDA and non-hybrid functionals
are the same by use of either STO-3G or 3-21G basis
set. With the increasing of the basis size, the order-
ing and symmetries of occupied orbitals do not change,
but the unoccupied orbitals with ¢, and h, symme-
try exchange the ordering (i.e., the unoccupied orbital
with 2, symmetry has a slightly lower energy than the
unoccupied orbital with h, symmetry).

For hybrid functionals, the computed orbital order-
ing and symmetries for the ground-state Cgo are also the
same by use of either STO-3G or 3-21G basis set. For



STO-3G basis set, in comparison with the level diagram
predicted by using LSDA or non-hybrid functionals, the
ordering and symmetries of unoccupied orbitals do not
change, but those for occupied orbitals with hy and g,
symmetry exchange (i.e., as shown in Fig. 2, the occu-
pied orbital with g, symmetry has a slightly lower en-
ergy that that with hy symmetry). However, for 3-21G
basis set, all functionals predict the same level order-
ing and symmetries for both occupied and unoccupied
orbitals.
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FIG. 2.: Single-electron energy levels (LUMO+v
with v=0,1,2,3, and HOMO-n with n=0,1,2), orbital
symmetries and degeneracies of Cgp in the ground state
calculated by LSDA, BP86 and B3LYP with STO-3G
and 3-21G basis set, where all energies are shifted with
reference to the HOMO energy and filled (open) cir-
cles denote occupied (unoccupied) orbitals. The exci-
ton pair contributions P} of exciton pairs (n,v) to the
first dipole-allowed singlet are shown as an example.

To see the collective effects of exciton pairs, Table IT
lists the EPCs P} of exciton pairs (n,v) to the first sin-
glet state (‘" E;) and the first two DAT states (¢; and
€2) predicted by TD-DFT. No matter which functionals
we use, we find a common feature from the calculated
EPCs: (1) WE; comes mainly from the contribution
of the exciton pair made by HOMO and LUMO; (2)
€1 is mainly from the EPCs of two exciton pairs, one
made by the HOMO and the unoccupied orbital with
t1y symmetry, and one made by the LUMO and the
occupied orbital with h, symmetry; (3) e, originates
from the EPCs of three exciton pairs, one made by
the LUMO and the occupied orbital with h, symmetry
and two made by HOMO and the unoccupied orbitals
with ¢14 and hy symmetry. As a result, the first singlet
is fourfold-degenerate and dipole-forbidden, e the two
DATs are triply-degenerate and the collective effects of
exciton pairs become important for the two DATSs.

In Table III, we list the EPCs P? to the triplet states
in the first two triplet energy bands predicted by TD-
BP86/3-21G shown in Fig.1(e). We find that the first
band comes from the exciton pair formed by ¢;,, LUMO
and h, HOMO, while the second band from three
kinds of exciton pairs made by HOMO-2 (h,)/LUMO,
HOMO/LUMO+1 (t14) and HOMO-1 (g,)/LUMO.

It should be mentioned that the EPCs to the first
two DAT states predicted by ZINDO are different from
the common features obtained from TD-DFT. The first
DAT is mainly from three exciton pairs made by the h,,
HOMO and the unoccupied orbitals with t;,4, t2, and
hg symmetry. The second DAT comes mainly from two
exciton pairs made by the h, HOMO and the unoccu-
pied orbitals with ¢, and t5, symmetry. In addition,
the EPCs to the first singlet and the first two DATSs
predicted by TD-HF are simlar to those obtained by
TD-DFT.

IV. LOW-ENERGY EXCITATION AND
ABSORPTION SPECTRA OF CsN™

A. Theory

Fullerene’s symmetry plays an important role on the
excitation and optical absorption spectra of fullerenes
since the symmetry determines the optical activity [2,3].
The substitutional doping of one or several dopants into
Cgo obviously lowers its I symmetry, and correspond-
ingly modifies the symmetries of molecular orbitals [2].
In this section, we take CsoN*t [7,8] as an example to
study the symmetry effect.

Although it is an isoelectronic analogue to Cgg,
CsoNT has C,; symmetry. Thus, from the energy di-
agram of the ground-state CsgNT shown in Fig.3, we
find that the degeneracy of the original levels of the



ground-state Cgo presented in Fig.2 (for example, the
fivefold degeneracy of HOMO and the threefold degen-
eracy of LUMO) is completely removed and the orbital
symmetry is correspondingly changed to either aora’
symmetry. Therefore, as reported in Fig.4 and Fig.5,
C59N™T exhibit richer features in the triplet, singlet and
optical absorption spectra than Cgo. For example, the
narrow singlet and triplet bands predicted for Cgy are
completely split and expanded.
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FIG. 3.: Single-electron energy levels (LUMO+n
and HOMO-n) of C5oN™ in its ground state calculated
by BP86/3-21G. Open (filled) circles denote a (a')
symmetries of molecular orbitals.

As discussed in section III, the LUMO (HOMO) of
Coo has t1, (hy,) symmetry and thus the first singlet
of Cgo is dipole-forbidden. In contrast, the LUMO
(HOMO) of Cs5oNT has a' (a”') symmetry. As reported
in Table IV for TD-BP86/3-21G, the first singlet of
Cs9N™T with an energy of 1.49 eV is dipole-allowed and
comes mainly from the (1,0) and (0,0) exciton pairs
which originate from the C4o HOMO and LUMO. Thus,
the optical gap of C5oN7 is redshifted by 1.44 eV rela-
tive to that of Cgg.

In the visible region reported in Fig.4(a), the absorp-
tion spectrum of C5oN™T calculated by TD-BP86/3-21G
shows three relatively strong dipole-allowed transitions
at 2.66, 2.72 and 2.79 eV. As listed in Table IV, they are
mainly from the EPCs of (6,0), (7,0) and (10,0) exci-
ton pairs, respectively. The dipole-allowed transition at
2.79 eV is similar to the first dipole-allowed transition
(at 2.92 eV) predicted for Cgo since the exciton pairs
(see Table IV) contributing to this transition originate
from the h,, HOMO, h, HOMO+2, ¢;,, LUMO and t;,
LUMO+1 of Cgg- Moreover, we find several weaker
dipole-allowed transitions occuring at 1.52, 1.55, 1.68,
1.95 and 2.09 eV. As listed in Table IV, they are mainly
due to the EPCs of (3,0), (2,0), (4,0), (2,2) and (4,2) ex-
citon pairs, respectively, which actually originate from
the h, HOMO and t1, LUMO of Cgg, and little col-
lective effects of other exciton pairs. In the UV region,

several strong dipole-allowed transitions occur at 3.51,
3.59, 3.68 and 3.69 €V. The EPCs to those transition
states are listed in Table IV. It shows strong collective
effects of exciton pairs for those transitions. The tran-
sition at 3.59 eV is very similar to the second dipole-
allowed singlet state (e2 = 3.62 eV) of Cgo since the
main exciton pair to this transition originate from the
t1, LUMO and Ay HOMO+2 of Cgo.
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FIG. 4.: (a) Optical absorption spectra of CsoNT
calculated by using BP86/3-21G, where the vertical
lines are the calculated oscillator strengths f,s. (bot-
tom) and singlet energies (top). (b) UV-vis spectrum
of CsoNT (concentration: 10pM) in toluene. The dot-
ted line is the visible spectra of C59N* (concentration:
0.00138 M) in o-dichlorobenzene adapted from Ref. [8].

In Fig. 5, we also report the triplet energy spectrum
of C5oNT calculated by TD-BP86/3-21G. It is distin-
guished by two triplet bands in the visible region. In
Table IV, we list P? to the first triplet band, which
contains 3 E; (i = 1,2, ...,15). Actually, this originates
from the first triplet band of Cgg, i.e., they are mainly
from the exciton pairs made by the occupied and un-
occupied orbitals splitted from the LUMO and HOMO
of Cgp due to the removal of degeneracy. For example,
the first triplet of C5oNT comes mainly from the (0,0),
(1,0) and (3,0) exciton pairs which originate from the
Ceo LUMO and HOMO, and has an energy of 1.35 eV



that is redshifted by 0.27 eV relative to the calculated
(3)E1 of C@().

In comparison with TD-DFT and TD-DFT-TB re-
sults shown in Fig. 4 and Fig. 5, we find that the TD-
DFT-TB predicts similar spectral features for C5oNT.
Especially, below 2.2 €V, the calculated energies for the
lowest singlet /triplet states are in good agreement with
TD-DFT. In the blue and violet region (2.5 to 3.1 V),
the sinlget/triplet excitation energies are redshifted by
about 0.2 eV in comparison with the TD-DFT calcula-
tions. In the UV region, the redshift is about 0.5 eV.
Thus, TD-DFT-TB yields good results for the lowest
singlet /triplet states.

B. Experiment

As shown before [11] and in our following serial work
[57], the spectroscopic properties of heterofullerenes can
be used as references for the characterization of their
functionalized complexes. Here we demonstrate this
point for CsoNT.
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FIG. 5.: Transient triplet-triplet absorption spectra
of C5oN* in toluene (the concentration condition was
10 mM) observed by 355 nm laser irradiation. Filled
circles, open squares and triangles are spectra 100, 500
and 5000 ns after a ns-laser pulse, respectively. Vertical
lines are the (3) E; for C5oN* calculated by TD-BP86/3-
21G (middle) and TD-DFT-TB (top).

Recently, Reed and coworkers [8] have reported
that the monomeric cation CsgNT can be isolated as
a carborane anion salt, i.e, [C59N][Ag(CB11HgClg)2].
They measured the visible spectrum of this salt in o-
dichlorobenzene (see the dotted line in Fig.4(c)). Their
spectrum is quite featureless, showing only a narrow
shoulder between 2.8 and 2.9 eV. Our measured UV-
vis spectrum for this salt in toluene, shown in Fig.4(c),
reproduces the shoulder, but a bit broader than theirs.
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Our calculated UV-vis spectrum characterizes well this
shoulder. Especially, our measured absorption spec-
trum in the visible region shows two absorption maxima
at 1.61 and 1.80 eV, respectively (note: a much weaker
absorption at 1.8 eV was actually observed in the visible
spectrum of Reed’s group), which are in good agreement
with our calculations (1.49 and 1.68 eV). The measured
redshift of the optical gap (E,;=1.61eV) of C5oNT rel-
ative to the optical gap (E,;=3.05 V) [51] of Cgq is 1.44
eV, in excellent agreement with the redshift predicted
by TD-BP86/3-21G. In the UV region, the measured
maximum absorption at 3.69 eV is in excellent agree-
ment with our predicted maximum absorption at 3.69
eV.

We irradiate a toluene solution of this salt with a
nanosecond laser light at 355 nm. The results are shown
in Fig.5. We find that the irradiation generated a tran-
sient triplet-triplet absorption band centered at 1.60 eV.
This band is much broader than that of Cgy shown in
Fig.1(e) and was observed in the microsecond range.
The lifetime of the triplet state was estimated to be 0.3
us, quicker than that of Cgo (40us [66] and 55us [67])
and CsoHN (5us [55]). As shown in Fig.5, our calcu-
lated triplet energies in the first triplet band charac-
terize well the transient triplet-triplet absorption band.
The measured ) E;-redshift of CsgN* relative to Cgo
is 0.30 eV, in excellent agreement with the calculated
redshift (0.27 eV).

Therefore, our above theoretical and experimental re-
sults have demonstrated that the spectroscopic proper-
ties of C59N1 can be used as a reference for the char-
acterization of functionalized complexes, such as the
carborane anion salts.

V. LOW-ENERGY EXCITATION AND
ABSORPTION SPECTRA OF C4Ni2

As shown in section IV, the substitutional doping of
one nitrogen atom into Cgg lowers the symmetry of I, to
a Cy; symmetry and produces the rich absorption spec-
tra of CsoNT. As the substitutional number of nitrogen
atoms increases up to 12, the existence of two stable
C4sNyo isomers was suggested (note: the most stable
isomer I [20] is about 13.1 kcal/mol lower in energy
than the second stable isomer II [17]). Both isomers
have Sg symmetry, which is higher (lower) than that
of C5oNt (Cgo), and they are isoelectronic with Cg012
(i.e., replacing 12 carbon atoms by 12 nitrogen atoms
results in a complete filling of 12 electrons into the ¢y,
LUMO and t;, LUMO+1 (see Fig.2) of Cgp). As a
result, the degeneracy of orbitals in Cgg is partially re-
moved. As shown in Fig.6, the molecular orbitals in
the ground-state C4gNio are either doubly-degenerate
or non-degenerate. Thus, C4gN;2 would exhibit richer



spectral features than Cgg, but less than CsoNT.

First, we report the low-energy excitation and ab-
sorption spectra of the most stable isomer I [20] of
CagNy2a calculated by TD-BP86/3-21G. The results are
shown in Fig.7(a) and listed in Table V. We find doubly-
degenerate excited states for this isomer. The cal-
culated absorption spectrum shows several absorption
maxima at 2.12, 2.35, 2.80 and 3.41 eV in the yellow,
green, violet regions, respectively, and at 3.64, 3.95,
and 4.10 eV in the UV region. The main EPCs for
those maximum absorptions are listed in Table V. The
absorptions in the UV region show strong collective ef-
fects of exciton pairs. The first singlet/triplet states
are doubly-degenerate and come from the (0,0) exciton
pair. We find that the optical gap (E2?* = 1.698 eV)

and the first triplet energy (®) E;=1.547 V) for the iso-
mer I are blueshifted by about 0.2 eV relative to those
of C5oNT, but are redshifted by 1.22, 0.07 eV, respec-
tively, relative to those of Cgo. In Fig. 7(a), we show the
corresponding triplet energy spectrum, which is distin-
guished by five bands in the visible region. The EPCs
to the first few bands are listed in Table V. We find
that the 3rd and 6th triplets involve strong collective
effects of exciton pairs, while others are mainly due to
the (0,0), (0,1), (0,2), (1,1), (1,2) or (2,0) exciton pair.
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FIG. 6.: Single-electron energy levels (LUMO+n

and HOMO-n) of (a) the isomer I and (b) the isomer IT

for C4gN12 in the ground state calculated by BP86/3-
21G.

The synthesis of C4N12 fullerene-analog [17] opens
up the opportunity of examining the stabilities and en-
ergetics of isomers [20] of C4gN12 with nitrogen-nitrogen
bonded congregates [23]. Here it would be interesting
to study the isomer effects on the optical absorption
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spectrum of C4gN12. We calculated the excitation and
optical absorption spectrum of the stable isomer II [17]
of C4sN12 by using TD-BP86/3-21G. The results are
presented in Fig. 8(a) and listed in Table VI. Compared
to the most stable isomer I, the isomer IT shows a much
stronger absorption at the first singlet state with an
energy of 1.00 eV, which is redshifted by 0.70 eV rela-
tive to that of the isomer I. As shown in Fig. 8(a), the
two strong dipole-allowed transitions at 2.12 and 2.35
eV predicted for the most stable isomer I are redshifted
by about 0.3 eV. This result shows that the isomers
of C4sNy12 can be distinguished from their UV /visible
spectra, which characterize the detailed isomer struc-
tures that are needed, for example, in designing the
molecular electronic devices (molecular rectifiers, car-
bon nanotube-based p-n junctions) proposed by us [25].
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oscillator strengths f,s. (bottom), triplet (middle) and
singlet (top) energy spectra.

As discussed before, the bleaching maximum and the
isosbestic points characterize the transient absorption
spectrum. This would provide a convenient way to
spectrally distinguish the excited isomers of CygNja,
especially when they are generated together in a sys-
tem containing all kinds of isomers. From Fig. 8(a), we
find that the triplet spectrum of the isomer II is also
different from that of the isomer I: (1) there are more
than five triplet energy bands in the visible region; (2)
the first triplet energy is redshifted by 0.74 eV; and (3)
the second triplet-triplet band is redshifted by about



0.60 eV. Thus, transient triplet-triplet absorption ex-
periment would also help us distinguish the C4gN72 iso-
mers which are needed for molecular electronics.

For both isomers, the TD-DFT-TB results are re-
ported in Fig. 7(b) and Fig. 8(b). In comparison with
the TD-DFT results, the TD-DFT-TB predicts similar
spectral features for both isomers. For the most stable
isomer, we find that the calculated excitation energies
in the visible region are slightly blueshifted and those
in the UV region are redshifted by about 0.3 eV relative
to those obtained by TD-DFT. However, for the isomer
II, the calculated excitation energies below 2.5 eV are
blueshifted by about 0.5 eV, whereas those between 2.5
and 4.0 €V are in good agreement with those predicted
by TD-DFT. Thus, TD-DFT-TB yields reasonable re-
sults for the prediction of the excitation energies for
CasNia.
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mer IT of C43Ny5 calculated by (a) TD-BP86/3-21G and
(b) TD-DFT-TB. The vertical lines are the calculated
oscillator strengths f,s. (bottom), triplet (middle) and
singlet (top) energy spectra.

VI. CONCLUSIONS AND REMARKS

In summary, we have performed semiempirical and
ab initio calculations of the low-energy excitations and
absorption spectra of Cgp by using ZINDO, TD-HF,
TD-DFT and TD-DFT-TB methods. A detailed com-
parison of experiment and theory for the optical ex-
citonic gap, excitation and absorption spectra of Cgg
is presented. With a minimum basis set STO-3G, it
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is found that TD-DFT with a non-hybrid functional
or a LSDA leads to more accurate excitation energies
than that with a hybrid functional. In comparison with
TD-HF, the TD-DFT results reveal the importance of
electronic-correlation effects in assigning accurately the
spectral features of Cgo. In TD-DFT, increasing the
basis set size generally leads to more accurate excita-
tion energies. The level of agreement between theory
and experiment for Cgg supports the accuracy of simi-
lar calculations for C5gNt and CygNi2. Our calculated
absorption spectrum of CsgN7T successfully character-
izes the visible spectrum of the carborane anion salt
[C59N][Ag(CB11HgClg)2] measured by Reed’s [8] and
our present experiments. We also predict rich structures
of excitations and absorption spectrum of C4gNi2. We
point out that the characterization of the UV-vis and
transient absorption spectra of C4gNys isomers will dis-
tinguish the isomer structures required for applications
in molecular electronics. The optical spectra of CsgN*
and Cy4gNyp5 as well as Cgy predicted by TD-DFT-TB
are in reasonable agreement with TD-DFT calculations
at a highly reduced cost.

Since Cgg, C50NT and CygNpy differ in their optical
gaps ranging from the violet to the red region, they may
be used as single-molecule fluorescent probes [105] for
applications in polymer science, biology and medicine
[106,107], for example, labeling DNA and RNA, light-
ing up polymers, photodynamic therapy, detection and
identification of fullerene-based drugs.

As discussed in this paper and previous work [70],
the TD-DFT-TB method works well for 7 electron sys-
tems. On the other hand, this method uses a minimum
basis set and does not employ any empirical parame-
ter. Thus, the TD-DFT-TB is useful to study the opti-
cal properties of (hetero)fullerenes, functionalized (het-
ero)fullerenes with organic molecules, (hetero)fullerene
clusters and carbon nanotubes, which have potential
applications in optoelectronics [2-4], and to predict ef-
ficiently the optical gaps of large nanocrystals such as
CdS and CdSe, for which the TD-DFT cannot reach.
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Table I: Calculated and measured (V) E; (in eV), () Ey, and the energy ¢; (in €V) of the ith dipole-allowed transition
with an oscillator strength fosc,; for Ceo. All TD-HF and TD-DFT use the minimum basis set STO-3G except the
specified cases.

Methods (3)E1 (1)E1 €1 fosc,l €2 fosc,2
ZINDO/1600 1.190 2.234 3.221 0.0040  3.951 0.4663
ZINDO/2500 1.063 2.231 3.213 0.0050  3.933 0.4864
CINDO/S/900 [103] 340 0080 404 0410
TD-HF/3-21G -2.799  3.056 5.510 0.8010  6.504 0.1010
TD-HF /6-31G+s [95] 5.22 0.890 6.19 0.060
TD-DFT-TB [70] 1.731 1.803 2.636 0.0020  3.350 0.1530
TD-LSDA 1.961 2.128 3.201 0.0016  4.026 0.1461
TD-BLYP 1.847 2.119 3.179 0.0018  3.981 0.1404
TD-BPL 1.866 2.117 3.171 0.0018  3.967 0.1393
TD-BP86 1.865 2.140 3.215 0.0017  4.027 0.1445
TD-BPWOI1 1.849 2.140 3.213 0.0017  4.025 0.1446
TD-PWI1LYP 1.851 2.116 3.174 0.0017  3.977 0.1399
TD-PW91PL 1.870 2.114 3.167 0.0017  3.963 0.1389
TD-PW91P86 1.869 2.137 3.210 0.0017  4.023 0.1443
TD-PW91PW91 1.854 2.136 3.210 0.0017  4.021 0.1445
TD-MPWLYP 1.847 2.117 3.176 0.0017  3.978 0.1398
TD-MPWPL 1.866 2.115 3.168 0.0017  3.964 0.1391
TD-MPWP86 1.865 2.138 3.212 0.0017  4.024 0.1442
TD-MPWPW91 1.849 2.138 3.210 0.0017  4.022 0.1443
TD-G96LYP 1.838 2.121 3.182 0.0017  3.984 0.1406
TD-G96PL 1.858 2.119 3.175 0.0017  3.970 0.1395
TD-G96P86 1.856 2.142 3.218 0.0017  4.031 0.1450
TD-G96PWI1 1.839 2.141 3.216 0.0017  4.029 0.1450
TD-B3LYP 1.882 2.591 3.931 0.0098  4.550 0.2456
TD-B3P86 1.889 2.606 3.956 0.0097  4.584 0.2505
TD-B3PW91 1.863 2.607 3.958 0.0096  4.587 0.2509
TD-B1LYP 1.796 2707 4.119 0.0153  4.688 0.2732
TD-MPW1PWO1 1.776 2.725 4.150 0.0150  4.729 0.2799
TD-B3LYP/3-21G 1.706 2.217 3.564 0.0115  4.082 0.2017
TD-LSDA/3-21G 1.691 1.822 2.916 0.0019  3.626 0.1206
TD-BP86/6-31G+s [54] 2.82 0002 351  0.139
TD-BP86/3-21G 1.617 1.831 2.924 0.0019  3.623 0.1197
Exp./hexane [47] 3.03 3.78
Exp./hexane [48] 3.07 3.77
Exp./Ar-matrices [49] 3.06 3.80
Exp./hexane [50] 3.04 0.015 3.78 0.37
Exp./cyclohexane [51] 3.07 3.77
Exp./1-octanol [51] 3.06 3.76
Exp./2-octanol [51] 3.07 3.77
Exp./benzene [51] 3.05 3.70
Exp./toluene [51] 3.05 3.70

Exp./gas [52] 3.04 3.75
Exp./hexane [53] 3.035  0.003 3732 0.09
Exp./heptane [53] 3.035  0.003 3732  0.09
Exp./toluene [53] 3.012 3.709
Exp./hexane [54] 3.07 3.77
Exp./benzene [66] 1.65 1.78 3.05 3.71
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Table II: Exciton pair contribution P¥ (HOMO — n, LUMO + v, see definition in text), to the first singlet state
(W Ey) and the first two dipole-allowed singlet states (e; and €;) calculated for Cgo. The energy level ordering and
symmetry of Cgo in the ground state are represented in Fig.2. Except the specified case, all use the minimum basis
set STO-3G. II is the degeneracy of excited states.

Methods OE, (I = 4) e (T =3) e (I =3)
TD-LSDA 49 169 + 33] 193 + 6§ + 172
TD-LSDA/3-21G 499 169 + 344 209 + 5 + 03 + 163
TD-BLYP 499 159 + 31} 183 + 5§ + 122
TD-BPL 50 123 + 32§ 185 + 65 + 155
TD-BP86 479 159 + 33{ 193 + 6§ + 175
TD-BP86/3-21G 509 159 + 33} 195 + 5§ + 163
TD-BPW91 459 153 + 32] 183 + 6§ + 145
TD-PW9ILYP 499 159 + 33¢ 183 + 63 + 173
TD-PW91PL 499 159 + 32§ 179 + 74 + 165
TD-PW91P86 489 169 + 33} 189 + 73 + 16
TD-PW91PW91 499 169 + 33} 185 + 44 + 122
TD-MPWLYP 48] 159 + 32} 183 + 65 + 183
TD-MPWPL 499 149 + 33} 183 + 65 + 16
TD-MPWP86 499 139 + 33} 193 + 6§ + 16
TD-MPWPW91 499 159 + 33} 193 + 5§ + 165
TD-G96LYP 499 153 + 33} 209 + 6§ + 172
TD-G96PL 489 159 + 33§ 209 + 63 + 173
TD-G96P86 479 159 + 32 189 + 44 + 16
TD-G96PW91 499 169 + 33} 183 + 44 + 167
TD-B3LYP 499 129 + 344 249 + 3% + 112
TD-B3LYP/3-21G 500 109 + 365 259 + 43 + 123
TD-B3P86 489 129 + 365 259 + 2§ + 132
TD-B3PW91 509 119 + 358 249 + 4} + 132
TD-BILYP 509 109 + 363 269 + 3§ + 122
TD-MPW1PW91 499 109 + 373 269 + 3} + 122
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Table III: Exciton participation contribution P! to the triplet states in the first two energy bands of Cgg calculated
with TD-BP86/3-21G. II is the degeneracy of the excited state.

Band States E (eV) I P
Band 1 G B 1.617 3 559
) B, 1.737 5 529
G Es 1.750 3 529
G E, 1.796 4 509
Band 2 () By 2.601 4 345 +99 + 79
G Eg 2.704 3 46} + 63
) B, 2.725 3 38y + 129
(3) Fg 2.784 5 45§ + 5%
B Ey 2.905 3 359 + 10§ + 19
) Eyg 2.916 4 289 + 16§ + 29
®E, 2.925 5 449 + 4}
G) By 2.991 4 379 +129
G B3 3.000 3 443 + 3}
G) By 3.014 3 463 + 19
® By 3.026 5 483

17



Table IV: Main exciton pair contribution P? to the first 15 triplet states, and dipole-allowed singlet states of
Cs9NT in the visible and UV regions calculated by TD-BP86/3-21G. E, X and f,s. are the energy, wavelength and

oscillator strength. The energy is not degenerated.

State Symmetry E (eV) A (nm) fosc pY

©F) A" 1.351 917.56 0.0000 349 + 139 + 62

G R, A" 1.375 901.92 0.0000 369 + 159

B E, A 1.405 882.60 0.0000 509

®) B, A" 1.421 872.65 0.0000 459 + 39 + 33

®) By A 1.509 821.66 0.0000 449 + 4} + 3!

() Fg A" 1.585 782.45 0.0000 438 + 53 + 42

©) 58 A 1.602 774.07 0.0000 34! + 113 + 69

() By A 1.617 766.92 0.0000 448 + 4% + 21

() By A 1.641 755.51 0.0000 324 + 121 + 6}

G By A" 1.673 740.91 0.0000 312+ 172 + 3}

G By, A" 1.711 724.72 0.0000 313 + 132 + 8}

G Eys A 1.788 693.30 0.0000 502

BB, 4" 1.792 692.02 0.0000 474 4 22

G By, A" 1.813 683.94 0.0000 492 + 22

©) A 1.925 644.18 0.0000 512

O E, A" 1.487 834.00 0.0001 399 + 89

W E, A" 1.518 816.72 0.0005 389 + 93

M Ey A 1.546 802.02 0.0005 459 + 11

) 58 A 1.675 740.28 0.0006 449 + 21

W E 4 A 1.947 636.67 0.0003 403 + 44 +13

W E, A 2.090 593.19 0.0004 443 + 13

O A 2.663 465.50 0.0022 449 + 25 + 1%

W Eyg A" 2.681 462.50 0.0002 399 + 73

1) By A 2.716 456.47 0.0011 359 + 5§ + 33 + 23

W By, A" 2.733 453.65 0.0005 253 + 113 + 89, + 29

1) By A 2.759 449.44 0.0002 449 + 23 +19

M) By, A 2.792 444.02 0.0005 313 + 55 + 39, + 29 + 2}
) A" 2.794 443.83 0.0028 369 + 49, + 29 + 23 + 23
(1) Eg A 2.864 432.90 0.0004 191 + 87 + 4% + 48 + 2}
1) B34 A" 2.912 425.79 0.0010 229, + 10} + 6} + 63

M) F34 A" 2.920 424.66 0.0007 261 + 124 + 55 + 39,

1) By A" 2.954 419.72 0.0010 185 + 95 + 93 + 62 + 49,
) A 2.967 417.93 0.0008 113, + 63 + 55 + 53 + 42
1) By A 2.984 415.52 0.0005 169, + 14}, + 53 + 42

M) Eag A 2.986 415.20 0.0017 203 4+ 94 +42 + 31, + 32
M By A" 3.007 412.28 0.0004 324+ 72455422 +11,
W Ey, A" 3.023 410.12 0.0003 275 + 12§ + 62 + 11, + 13,
W By A 3.067 404.31 0.0014 183 + 143 4 65 + 219 + 25 + 29
W Ey, A" 3.085 401.90 0.0003 392 + 61, + 13,

W Ey, A" 3.087 401.69 0.0008 342 + 31, + 31, + 13 + 14
M) Exq A 3.508 353.44 0.0351 24§ + 695 + 32

W Exg A 3.588 345.57 0.0524 19§ + 72, + 32, + 27

M Fgg A" 3.677 337.21 0.0461 181, + 107 + 3% + 210

M Eg, A 3.687 336.31 0.1017 55 + 52+ 49, + 33 +37 + 37 +

2fp + 2§ + 21!




Table V: Exciton pair contribution P? to the first three triplet bands, and several representative dipole-allowed
singlet states for the most stable isomer I of C4gN12 calculated by TD-BP86/3-21G. E, X\ and II are the energy,
wavelength and degeneracy of excited states.

State E (eV) A (nm) I f Py

o7 1.547 801.61 2 0.0000 529

G E, 1.743 711.29 1 0.0000 52%

(3) By 1.769 701.07 1 0.0000 328 + 202

G B, 1.809 685.24 2 0.0000 503

G Es 1.830 677.41 1 0.0000 513

() B 1.849 670.53 1 0.0000 333 +18%

) By 1.874 661.55 2 0.0000 512

(3) Fg 1.916 646.96 1 0.0000 492 + 29

(3) Fy 2.062 601.22 2 0.0000 431 + 83

G By 2.191 566.02 2 0.0000 512

G B, 2.240 553.42 2 0.0000 419 + 81

WE, 1.698 730.23 2 0.0003 4793

W Ee 2.024 612.62 1 0.0041 289 + 172

W E, 2.120 584.82 2 0.0179 402 + 52

W Eg 2.126 583.32 1 0.0044 452

W Eq 2.348 528.15 2 0.0083 422 4+ 22

W E; 2.617 473.85 1 0.0028 48}

W Byg 2.716 456.45 2 0.0299 405 + 38

M) Fyy 2.802 442 45 1 0.0521 408

() B39 3.254 381.00 2 0.0099 255 + 183

M By 3.288 377.08 2 0.0075 263 + 14] + 95 + 85

1) F34 3.388 365.92 1 0.0021 393 + 8%

() Egg 3.412 363.37 2 0.0066 324+ 95 + 23 + 29 + 2§
(1) By 3.465 357.84 1 0.0010 438 + 27

) Eag 3.497 354.53 1 0.0019 46}

(1) E3g 3.535 350.72 1 0.0164 278 + 115 + 43 + 23

M) By 3.543 349.94 2 0.0032 397 +28

) By 3.643 340.38 2 0.0293 16§ + 13} + 103 + 235

W Ey 3.700 335.21 2 0.0266 218 + 75 + 65 + 63 + 1%
() By 3.739 331.63 2 0.0202 225 + 124 + 5% + 48

M) B 3.787 327.42 1 0.0256 177 + 155 + 73 + 44

M) By, 3.824 324.26 2 0.0241 1754+ 95 + 85 + 38 + 17
() By 3.953 313.65 1 0.0575 183 + 85 + 55 +43 + 24
() By 4.005 309.59 1 0.0013 211 + 135 + 63 + 25 + 13°
(1) Egy 4.097 302.64 2 0.0495 248 + 9% +29 + 23

() Fg3 4.181 296.53 1 0.0013 303 + 105° + 45 + 1}

) Egs 4.209 294.59 1 0.0016 235 + 214

1) Egy 4.273 290.13 2 0.0010 30p° + 63 + 41 + 21
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Table VI: Exciton pair contribution P! to the first five triplet bands, and several representative dipole-allowed
singlet states for the stable isomer IT of C4gNj2 calculated by TD-BP86/3-21G. E, A and II are the energy,
wavelength and degeneracy of excited states.

State E (eV) A (nm) I f Py

o7 0.806 1539.22 2 0.0000 559

®)E, 1.115 1111.74 1 0.0000 54} + 59

(3) By 1.208 1026.09 2 0.0000 52}

SN 1.255 988.24 1 0.0000 513

G Es 1.507 822.58 1 0.0000 542

() g 1.550 800.02 1 0.0000 489 + 3

) By 1.555 797.33 2 0.0000 522

(3) Fg 1.596 777.00 1 0.0000 513

(3) Fy 1.805 687.01 2 0.0000 503

G By 1.854 668.87 1 0.0000 519

G By, 1.918 646.28 2 0.0000 51}

G By 2.025 612.21 2 0.0000 463 + 33

O 2.054 603.49 1 0.0000 528

G) By 2.098 590.95 2 0.0000 465 +33 + 12

GV By 2.136 580.33 1 0.0000 513

ME, 0.997 1243.20 2 0.0037 449

W B, 1.750 708.30 2 0.0048 469

M) Fg 1.809 685.46 1 0.0187 422 + 19+ 13

MW E 2.087 594.12 2 0.0067 451

WE, 2.091 592.87 1 0.0077 439

W Es 2.552 485.82 1 0.0012 441 + 33

) 5 2.617 473.78 2 0.0087 355 + 62 + 6

M) Fy 2.652 467.46 1 0.0010 403 + 23 + 43

W) By 2.752 450.61 1 0.0137 343 + 43 + 45 + 2}
W By, 2.757 449.76 2 0.0023 392 + 8

(1) Ey3 2.859 433.62 1 0.0078 443

1) Eyy 2.901 427.37 2 0.0027 381 + 93

(1) Fyg 2.982 415.84 1 0.0164 375 +25+23 +1§
W Es 3.111 398.54 2 0.0339 287 + 53 + 41 + 10§
(1) E33 3.153 393.28 2 0.0016 303 + 167

) 3.218 385.30 1 0.0071 387 + 6%

) 3.289 376.96 2 0.0784 113 + 87 + 4] + 63 + 41 + 31
() Eg 3.460 358.34 2 0.0115 24} + 163 + 4§

S 3.500 354.65 2 0.0191 224 + 18} + 2§

U Ey3 3.573 347.02 2 0.0118 395 + 43

M By, 3.817 324.84 1 0.1630 18} + 149 + 5%

U By 3.861 321.16 2 0.0031 3280 + 145

1) By 3.870 320.35 1 0.0014 38% + 41 +29+19
(1) Eyg 3.932 315.35 2 0.0010 295 4+ 1250 + 18

M) Exq 4.018 308.56 2 0.0010 4152 + 55 + 13 + 13
M) Egs 4.085 303.54 2 0.0051 333 + 72 +37 + 282 + 19
) By 4.125 300.59 1 0.0010 385 + 353 + 29

() Egs 4.136 299.77 2 0.0203 178 + 133 + 6§% + 35 + 23
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